Lymph node metastasis (LNM) in papillary thyroid cancer (PTC) has been shown to be associated with increased risk of locoregional recurrence, poor prognosis and decreased survival, especially in older patients. Hence, there is a need for a reliable biomarker for the prediction of LNM in this cancer. MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene translation or degradation and play key roles in numerous cellular functions including cell-cycle regulation, differentiation, apoptosis, invasion and migration. Various studies have demonstrated deregulation of miRNA levels in many diseases including cancers. While a large number of miRNAs have been identified from PTCs using various means, association of miRNAs with LNM in such cases is still controversial. Furthermore, studies linking most of the identified miRNAs to the mechanism of LNM have not been well documented. The aim of this review is to update readers on the current knowledge of miRNAs in relation to LNM in PTC.
Introduction
Papillary thyroid carcinoma (PTC) is the commonest type of thyroid cancer, contributing to more than 80% of all thyroid malignancies. Generally, the prognosis of patients with PTC is relatively good compared to other cancers, with an overall 10-year survival rate of more than 90% (Lee et al., 2013) .
The global incidence of PTC has dramatically increased in the past decade and its epidemiology is changing (Vigneri et al., 2015) . Furthermore, certain clinicopathologic features have been associated with poorer prognosis, such as older age at diagnosis (Hsieh et al., 2012) , gender (Jonklaas et al., 2012) , large primary tumor (≥ 2 cm) (Kramer et al., 2010) , extrathyroidal invasion (Hotomi et al., 2012) , BRAF V600E mutation status , multifocality (Qu et al., 2014) and lymph node metastasis (LNM) (Zaydfudim et al., 2008; Lee et al., 2014) . In addition, several studies have demonstrated that the presence of LNM is associated with locoregional recurrence and with an increased risk of mortality prominently among older patients (Scheumann et al., 1994; Machens et al. 2002; Lundgren et al., 2006) .
Despite the excellent prognosis, the major challenge in PTC involves controlling locoregional recurrence
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and hence the reason lymph node surgery is considered important in the treatment of PTC (Moo and Fahey, 2011) .
MicroRNAs (miRNAs), firstly identified in Caenorhabditis elegans, are endogenous, non-proteincoding single-stranded RNAs containing between 19-24 nucleotides and are derived from a stem-loop precursor to regulate gene expression by binding primarily to the 3'-UTR of specific 'target' messenger RNA (mRNAs). These non-protein-coding RNAs (together with other intronic RNAs) constitute the majority of genomic output in complex eukaryotes (Mattick, 2001) . MiRNAs that bind with perfect or nearly perfect complementarity to proteincoding mRNA sequences will induce the RNA-mediated interference (RNAi) pathway, resulting in the disruption of mRNA stability and/or translation (Bartel, 2009 ). Due to their post-transcriptional regulatory effects, the key function of miRNAs is to 'fine tune' the level of proteins involved in numerous biological processes, including embryogenesis, organogenesis, tissue homeostasis, immune system function and cell cycle control (Nam et al., 2009) .
Owing to its ability to form partially perfect complimentary binding with the target genes, a single miRNA is able to regulate the expression of more than 100 different transcripts. It has been estimated that these molecules may be able to regulate up to 30% of the protein-coding genes in the human genome (Felekkis, 2010) , resulting in increased widespread attention on their potential role in complex biological processes and heterogenous diseases. To date there are 1,881 precursors and 2,588 mature miRNA genes which have been described in the human genome. The latest miRBase release contains 24,521 miRNA loci from 206 species, which can be processed to produce 30,424 mature miRNA products (Kozomara and Griffiths-Jones, 2014) .
Dysregulation of miRNAs expression in human cancers have been demonstrated by many studies (Iorio and Croce, 2012) . Through expression profiling studies, miRNA was shown to be linked to tumor development, progression as well as response to treatment, signifying their potential use as biomarker for diagnosis and prognosis (Iorio and Croce, 2012) . The involvement of these molecules in human cancers can be explained by the fact that more than 50% of miRNA genes are located in cancer-associated genomic regions or in fragile sites, minimal regions of loss of heterozygosity, minimal regions of amplification, or common breakpoint regions (Calin et al., 2004) . Additionally, miRNAs are strongly conserved among different species, further adding the value of their important roles in many crucial biological processes (Marini et al., 2011) .
Clinically detectable lymph node metastasis (LNM) occurs in 15% to 30% of PTC cases (Shaha et al., 1996; Wada et al., 2003) . It is well established that PTC patients with LNM have an increased risk of recurrence and mortality (Guerrero and Clark, 2011) . Even though this condition may not be immediately fatal, it poses a great challenge to the oncologists and stressful to the patients (Ito et al., 2012) . PTC patients with LNM at initial presentation have a higher incidence of recurrent disease in the cervical region (Cognetti et al., 2008) and approximately a ten-fold increased risk of developing a nodal recurrence (McConahey et al., 1986) . Several predictive factors for LNM have been established, including age, gender, tumor size and histopathologic characteristics of the tumor. In addition, miRNAs have also been shown to be potential biomarkers in predicting LNM. Several miRNAs was proven to be associated with LNM; there was a positive correlation between high miR-21 expression and tumor stage and LNM in patients with breast cancer (Yan et al., 2008) , and development of distant metastases in colorectal cancer patients (Slaby et al., 2007) . Most recently, miR-1207-5p was suggested as a useful biomarker in the prediction of LNM in gastric cancer (Huang et al., 2015) .
To date, studies focusing on the involvement of miRNAs in PTC with lymph node metastasis are quite limited (Table 1) . A literature search using PubMed/ MEDLINE, ScienceDirect, Scopus and Google Scholar revealed 16 miRNAs potentially involved in PTC with LNM of which nine were upregulated and eight were downregulated (Figure 1) . Majority of miRNA studies in PTC focused on comparing thyroid malignancies (including PTC) to normal thyroid tissues or benign thyroid diseases such goiter (He et al., 2005; Pallante et al., 2006; Tetzlaff et al., 2007; Chen et al., 2008; Nikiforova et al., 2008; Yip et al., 2011; Dettmer et al., 2013; The Cancer Genome Atlas Research Network, 2014) . Reviews on thyroid cancer have also highlighted the utility of miRNAs in distinguishing malignant from benign lesions (Pallante et al., 2010; Braun and Hüttelmaier, 2011; de la Chapelle and Jazdzewski, 2011; Marini et al., 2011; Leonardi et al., 2012; Lodewijk et al., 2012; Li et al., 2013; Samimi et al., 2013; Pallante et al., 2014) . On the other hand, a review on the significance of the miRNAs in PTC with and without LNM is lacking (Yuan et al., 2014) . Hence, this review aims to report the extent of involvement of miRNAs in PTCs with LNM, and to discuss the potential clinical significance of the miRNAs in patients with PTC.
miRNAs Upregulated in PTC with LNM
miR-136
miR-136, located on chromosome 14, has been shown to be upregulated in the Jurkat cell line (Yu et al., 2006) and prominently overexpressed in murine lung cancers (Liu et al., 2010) . It has also been shown to target the tumor suppressor PTEN by repressing its translation (Lee et al., 2010) , which strongly suggests its role in cancer development and/or progression. A more recent study has strengthened further the evidence on the role of miR-136 in cancer, whereby the suppression of miR-136 expression in a non-small cell lung cancer cell line inhibited both anchorage-dependent and anchorage-independent proliferation (Shen et al., 2014) . With regards to PTC, Peng and colleagues reported miR-136-5p upregulation in an aggressive phenotype of the cancer (Peng et al., 2014) . The biological function of miR-136 in regulating LNM in PTC remains largely unknown. Anchorage-independent proliferation is one of the hallmarks of cancer, mainly pertaining to metastatic potential. Since this miRNA was shown to have the ability to elicit anchorage-independent growth in vitro in lung cancer, the involvement of miR-136 in metastasis process in PTC is worth investigating.
miR-146
miR-146 is one of the widely studied miRNAs in thyroid cancers and has been shown to be frequently upregulated in PTC (He et al., 2005; Pallante et al., 2006; Tetzlaff et al., 2007; Chen et al., 2008; Chou et al., 2010; Yip et al., 2011; Chou et al., 2013; Sun et al., 2013a) , anaplastic thyroid cancer (Fassina et al., 2014) and follicular thyroid cancer (FTC) (Wojtas et al., 2014) . DOI:http://dx.doi.org/10.7314/APJCP.2016.17.1.25 MicroRNAs and Lymph Node Metastasis in Papillary Thyroid Cancer In addition, PTC with LNM demonstrated significantly higher expression of miR-146b as compared to cases without LNM, suggesting its role in metastasis Acibucu et al., 2014; Deng et al., 2015) . Functional analyses of miR-146 revealed its involvement in migration, invasion, proliferation and cell cycle (Geraldo et al., 2012; Chou et al., 2013; Deng et al., 2015) .
Bioinformatics screening and in silico target prediction using TargetScan (http://www.targetscan.org) has revealed SMAD4, an important member of the transforming growth factor β (TGF-β) signaling pathway, as the potential target of miR-146b-5p (Geraldo et al., 2012) . The authors firstly confirmed the direct binding of miR-146b-5p on the SMAD4 UTR via the luciferase reporter assay, and followed this with the inhibition of miR-146b-5p using a locked nucleic acid inhibitor. As expected, the inhibition resulted in significantly increased SMAD4 gene and protein levels in the human PTC cell lines. Furthermore, the inhibition of miR-146b-5p increased the cellular response to the TGF-β anti-proliferative signal, leading to significant reduction of cell proliferation. On the contrary, overexpression of miR-146b-5p in normal rat follicular cells reduced SMAD4 levels, interrupted TGF-β signal transduction, conferred resistance to TGF-β-mediated cellcycle arrest and significantly increased cell proliferation (Geraldo et al., 2012) .
Using multivariate logistic regression analysis, Chou and colleagues demonstrated that miR-146b expression is one of the independent risk factors for poor prognosis in PTC, implicating the potential of this miRNA as a prognostic marker (Chou et al., 2013) . Patients with higher miR-146b expression levels had significantly worse overall survival compared to patients with lower miR-146b levels (Chou et al., 2013) . Functional characterization revealed that transient overexpression of miR-146b significantly increased cell migration, invasion, colony-forming ability and most importantly, conferred resistance to chemotherapy-induced apoptosis in BRAFmutated cell lines (Chou et al., 2013) .
In a more recent study, expression analysis using real time polymerase chain reaction (qPCR) in 60 primary PTC patients with and without LNM revealed upregulation of miR-146b-5p and downregulation of Zinc Ring Finger 3 (ZNRF3) gene (Deng et al., 2015) . Luciferase assay confirmed ZNRF3 as a direct target of miR-146b-5p and this miRNA was shown to stimulate cell migration, invasion and epithelial-to-mesenchymal transition (EMT) by downregulating ZNRF3 (Deng et al., 2015) . Another study showed that ZNRF3 inhibits Wnt signaling by interacting with FZD and LRP 5/6 complexes, and promotes Wnt receptor ubiquitination and degradation (Hao et al., 2012) . miR-146b-5p increases the cell surface levels of FZD6 and LRP6 via suppression of ZNRF3, causing enhanced Wnt/β-catenin signaling. These findings divulged a novel mechanism of miR-146b-5p mediated induction of EMT and implied the role of ZNRF3 as a tumor suppressor in PTC (Deng et al., 2015) .
On the other hand, another study performed in 91 PTC patients failed to find any significant association of miR-146b with LNM . The reason for this remains unclear and it might be contributed by the use of a different platform and/or chemistry for detection and also possibly the intrinsic variability in the cohort of patients. In addition, even though the tissues used in the studies were verified by a pathologist, the authors did not mention about the percentage of cancer cells. Perhaps a more refined quality control and assessment of the tumour specimens before being subjected to expression profiling will be able to explain such contradictory findings.
miR-151
MicroRNA-151 (miR-151), a frequently amplified miRNA localized to chromosome 8 at q24.3, can concurrently express two mature sequences: miR-151-3p and miR-151-5p (Ding et al., 2010) . Genome-wide serum miRNA expression profiling using Solexa sequencing followed by extensive validation in 245 subjects reveals upregulation of miR-151-5p in PTC patients (Yu et al., 2012) . Elevated levels of miR-151-5p in circulation and the tissues of PTC patients compared with benign cases and healthy controls prompted further assessment of the relationship between this miRNA and clinicopathological features including gender, age, tumor size, multifocality, LNM, TNM stages and BRAF mutation status. The serum levels of miR-151-5p was significantly higher in lymph node-positive patients than in lymph node-negative patients (Yu et al., 2012) , suggesting potential utility of this miRNA in predicting LNM. In addition, overexpression of serum miR-151-5p was strongly associated with tumor size (P < 0.001).
The opposite observation of miR-151 levels has been reported by other cancer studies. In a cohort of breast cancer patients, miR-151-5p expression was significantly lower in the lymph-node metastases than in their corresponding tumors (Krell et al., 2012) . The authors suggested that miR-151-5p upregulation may suppress metastasis in primary breast tumors (Krell et al., 2012) . Given a limited knowledge available regarding functional role of miR-151-5p and the contradictory findings in different cancer types, further investigation of the role of miR-151 in LNM in thyroid cancer is worth pursuing.
miR-199
miR-199b-5p has been reported to be downregulated in follicular thyroid carcinoma and a gain-of-function experiment in the same study showed reduced cell growth (Rossing et al., 2012) . It also has a positive correlation with PTC invasiveness and BRAF V600E mutation (Chou et al., 2010) . In a more recent research, Peng and colleagues reported that miR-199b-5p was over-expressed in PTC patients with extrathyroidal invasion and cervical lymph node metastasis (Peng et al., 2014) . Other than PTC, miR-199b-5p is also involved with the occurrence and development of leukemia (Flamant et al., 2010) , liver cancer and lung cancer (Nymark et al., 2011) .
miR-221/222
The similar expression pattern between miR-221 and miR-222 can be explained by their location with both being clustered on chromosome X (Pallante et al., 2014) . Many PTC studies investigating miRNAs expression identified miR-221/222 as the most consistently upregulated miRNAs and have significant association with clinicopathological features. PTC with LNM showed differential miR-222 expression as compared to PTC without LNM. A high serum miR-222 level has significant correlation with the presence of LNM (Yu et al., 2012) . Enhanced expression of miRNA-221 and miRNA-222 was found in patients with cervical lymph node metastasis and advanced TNM stage . In a separate study, Lee and colleagues retrospectively recruited PTC patients with and without recurrence, which at the same time translated to patients with and without LNM based on the selection criteria. The authors demonstrated that the level of miR-222 in the tumor is associated with PTC recurrence; however, miR-221 showed no significant association with tumor recurrence (Lee et al., 2013) . Higher expression levels of miR-222, together with miR-221, were detected in thyroid cancer patients with capsule invasion, vascular invasion and LNM when compared to the patients without these features (Acibucu et al., 2014) .
Elevated expression of miR-221/222 has been observed in PTC relative to normal or benign thyroid diseases Chen et al., 2008; Yu et al., 2012; Acibucu et al., 2014) . Increased expression of miRNA-221 was evident in patients with tumor larger than 2 cm compared to smaller lesions . miR-221/222 are also potential markers for PTC aggressiveness as shown by two studies (Yip et al., 2011; Yang et al., 2013) . Aggressive PTC is characterized by extrathyroidal extension, local recurrence, LNM and/or distant metastasis, hence their findings added further to the knowledge of possible roles of miR-221/222 in LNM. Moreover, miR-222, but not miR-221, was elevated in a highly invasive subpopulation of PTC cell lines by 8 -10 fold compared to the control group. These findings further strengthened the potential involvement of miR-221 and/ or miR-222 in modulating LNM in PTC.
Kim and colleagues utilized the microarray expression profiling technique and developed a bioluminescence imaging tool called the Gaussia luciferase (Gluc) reporter system in order to study genes regulated by miR-221 in PTC. In vitro analysis revealed thousands of genes regulated by miR-221 including HOXB5 which was significantly downregulated. In addition, this miRNA modified the gene expression pattern of normal thyroid cells toward PTC. Furthermore, the authors demonstrated dose-dependent regulation of HOXB5 both in vitro and in vivo by endogenous or exogenous miR-221 (Kim et al., 2008) . The proposed imaging system could be a useful tool for noninvasive in vivo long-term monitoring of functional modalities targeting of miR-221.
A homeobox (HOX) is a sequence of ~180 base pairs within genes that code for a protein domain called homeodomain (Stein et al., 1996) . HOX genes are highly conserved and encode nuclear proteins that function as transcription factors (TF) during normal organogenesis (Gehring et al., 1986) . The HOX gene family has also been intrinsic in human diseases particularly cancers. Aberrant expression of HOX genes has been reported for thyroid cancer, in both tissues and cell lines. A study by Takahashi and colleagues showed that HOXB1, HOXB9,  HOXD10, HOXC12 , and HOXD13 were not expressed DOI:http://dx.doi.org/10.7314/APJCP.2016.17.1.25 MicroRNAs and Lymph Node Metastasis in Papillary Thyroid Cancer in normal thyroid tissues but were expressed in several anaplastic thyroid cancer cell lines. On the other hand, HOXD9 was expressed only in thyroid cancer cell lines but was silenced in normal thyroid tissues. HOXB4 was the only HOX gene expressed in all thyroid cancer cell lines and normal thyroid tissues (Takahasi et al., 2004) . Another study reported irregular expression of the HOX paralogous group 13 genes; HOXA13, HOXB13, HOXC13, and HOXD13 in well-differentiated thyroid cancers and their expression pattern was linked to the pathogenesis and differential diagnosis of thyroid cancers (Cantile et al., 2013) . For instance, HOXA13 nuclear expression showed a significant and gradual increase from adenoma, to classical papillary carcinoma, follicular variant papillary carcinoma and follicular carcinoma (Cantile et al., 2013) . HOXB13 exhibited the opposite trend of decreasing expression in the transition from non-neoplastic tissues to different tumour histologic types (Cantile et al., 2013) .
One of the widely studied gene targets of miR-221/ miR-222 is p27 Kip1 . Enforced expression of miR-221/ miR-222 led to reduction of p27 Kip1 protein levels in the thyroid carcinoma cell line (TPC-1) and cervical adenocarcinoma cell line (HeLa) without significant changes in p27
Kip1 mRNA levels. The forced expression also increased the transition from the G1 to the S phase in the thyroid papillary carcinoma cell line (Visone et al., 2007b) . Overexpression of miR-221 increased the colony-forming ability of thyroid cancer cells, suggesting the role of miR-221 in thyroid carcinoma cell proliferation (Pallante et al., 2006) .
High-mobility group box 1 protein (HMGB1) is a pro-inflammatory cytokine that is actively secreted by a diverse type of cells including macrophages, activated monocytes, dendritic cells, endothelial cells and certain cancer cells (Pikarsky et al., 2004 ). Mardente and colleagues demonstrated that HMGB1 is overexpressed in thyroiditis and in PTC's microenvironment (Mardente et al., 2010) . This cytokine was shown to influence miR-221/222 expression. Addition of HMGB1 to the culture medium increases the expression of miR-221 by 3-fold and miR-222 by 7-fold in both primary cultures of excised papillary lesions and in an established PTC cell line. The HMGB1-induced overexpression of oncogenic miR-221 and miR-222 is significantly associated with increased cell growth and motility (Mardente et al., 2012) .
Despite being consistently reported to be upregulated in PTC with LNM, a study by Wang and colleagues concluded that miR-221/222 is not associated with LNM. Another two studies reported significant association of only miR-222, but not miR-221, with LNM (Yu et al., 2012; Lee et al., 2013) . These contradictory findings certainly warranted further profiling in larger samples and functional validation.
miR-451
miR-451 is highly conserved among vertebrates (Yang et al., 2010) and is located on chromosome 17 at position q11.2, 100 base pairs downstream of the miR-144 gene (Altuvia et al., 2005) . Many studies have emphasized the roles of miR-451 in human cancers including in gastric cancer (Bandres et al., 2009 ), breast cancer (Bergamaschi and Katzenellenbogen, 2012) , glioblastoma (Gal et al., 2008) , and leukemia (Ju et al., 2009) , demonstrating a critical function of miR-451 in carcinogenesis. In lung cancer, the downregulation of miR-451 was significantly correlated with LNM (Wang et al., 2011b) . In a more recent study, re-expression of miR-451 could reverse epithelial-to-mesenchymal (EMT) to mesenchymalto-epithelial transition (MET) and inhibit invasion and metastasis of docetaxel-resistant lung adenocarcinoma cells both in vitro and in vivo . These findings suggest the role of miR-451 in the metastasis cascade.
In contradiction to the findings of miR-451 downregulation in various malignancies compared with adjacent noncancerous normal tissues, this miRNA was shown to be significantly upregulated in PTC with LNM as compared to PTC without LNM . Moreover, miR-451 upregulation in lateral lymph node (LLN) metastasis were significantly greater than those in central lymph node (CLN) metastasis . Unfortunately, this is the only study so far that has reported upregulation of miR-451 in PTC with LNM hence a functional study to validate the function of this miRNA in regulating LNM is certainly justified.
miR-1202
miR-1202 is located on chromosome 6 at position q25.3 in the human genome. It was shown to be significantly associated with LNM and is upregulated in PTC with LNM as compared to PTC without LNM . In addition, high expression of miR-1202 has been reported in adrenocortical carcinoma and is associated with poor survival (Ozata et al., 2011) .
miR-2861
Investigation of miRNA deregulation in PTC with LNM led to the identification of miR-2861 upregulation in both the screening and validation cohort of samples . Together with miR-451, miR-2861 overexpression in LLN metastasis were greater than those in CLN metastasis . The literature regarding this miRNA in cancer is scarce; however, the involvement of miR-2186 has been reported in bone formation ).
miRNAs downregulated in PTC with LNM
Let-7 family
Let-7 is highly conserved across diverse animal species (Pasquinelli et al., 2000) . The deregulation of let-7 has been shown in many types of cancer with its function in regulating cell proliferation and differentiation during development in various species (Boyerinas et al., 2010) . Regarded as a tumor suppressive miRNA, let-7 is involved in the regulation self-renewal and tumorigenicity of breast cancer cells (Yu et al., 2007) . It also acts as a potential growth suppressor in human colon cancer cells (Akao et al., 2006) and its reduced expression is associated with shortened postoperative survival in human lung cancers.
Several groups reported the downregulation of let-7 in PTC as well as all thyroid cancers of follicular origin (Pallante et al., 2006; Visone et al., 2007a; Braun and Hüttelmaier, 2011) . On the contrary, in a study on circulating miRNA profiles in patients with PTC or benign nodules and healthy controls, the expression of serum let-7e was significantly increased in PTC cases relative to other groups (Yu et al., 2012) . In addition, further stratification of the PTCs according to lymph node status revealed that serum let-7e was downregulated in PTC with LNM in comparison to PTC without LNM (Yu et al., 2012) . Taken together, these findings implied that the exact role of let-7 in tissues and circulation in PTCs warrant further investigation.
To gain insight into the alterations in miRNA expression that might regulate lymphatic metastasis of PTC, Gao and colleagues established highly metastatic PTC cell lines, namely IHH-4M-1, IHH-4M-2 and IHH-4M-3, from a clonal cell line of human PTC with cervical lymph node metastasis (denoted as IHH-4) and performed miRNA microarray analysis. One of the let-7 families, let-7b, was upregulated in highly invasive cells by 17 -25 fold (Gao et al., 2010) . This finding suggested the involvement of let-7 in regulating metastasis and malignant transformation.
One of the key genetic events frequently associated to PTC is RET/PTC rearrangement, which resulted in enhanced proliferation and dedifferentiation by the activation of the RET/PTC-RAS-BRAF-mitogenactivated protein kinase (MAPK) pathway (Nikiforov and Nikiforova, 2011; Nikiforov, 2011; Xing, 2013) . Ricarte-Filho and colleagues reported that oncogenic activation of RET/PTC3 in PCCL3 rat thyroid cells significantly reduces let-7f expression (Ricarte-Filho et al., 2009) . Furthermore, forced expression of let-7 microRNA in TPC-1 cells, which harbor RET/PTC1 rearrangement, resulted in inhibition of MAPK activation and consequently led to reduction of TPC-1 cell growth (Ricarte-Filho et al., 2009) . Decreased expression of cell cycle stimulators such as MYC and CCND1 (cyclin D1), increased the cell cycle inhibitor P21 and enhanced the transcriptional expression of molecular markers of thyroid differentiation such as TITF1 and TG (Ricarte-Filho et al., 2009 ). These findings pointed to a model that reduced expression of let-7f might be a crucial molecular event in RET/PTC malignant transformation (Ricarte-Filho et al., 2009 ) and this was the first functional demonstration of an association of let-7 in thyroid cancer cell growth and differentiation.
miR-16
Downregulation of miR-16 expression is evident in the invasive subpopulation of a thyroid cancer cell line (Gao et al., 2010) . miR-16 is also underexpressed in aggressive PTC . Integrated analysis revealed that the expression of FN1 and ITGA2 was upregulated with the downregulation of miR-16 . Furthermore, a luciferase reporter assay confirmed the direct interaction of miR-16 with FN1 and ITGA2. These genes are related to the extracellular matrix (ECM) or signal transduction pathways linked to the aggressiveness of tumors. Collectively, the authors proposed that interaction of miR-16 with FN1 and ITGA2 might contribute to the aggressiveness of PTCs by regulating the invasion and migration processes .
miR-513
miR-513 is a primate-specific miRNA subfamily located on X chromosome that has undergone rapid evolution . Evidence suggests that this subfamily is favorably expressed in the testis; however, the functional importance of this miRNA subfamily has remained unknown. miR-513 has been reported to be downregulated in highly invasive PTC when compared to less invasive PTC (Peng et al., 2014) . Different roles of miR-513 has been reported in gastric cancer, whereby for example forced expression of miR-513b inhibits cell proliferation, migration and promotes apoptosis by targeting high mobility group-box 3 protein (Chen et al., 2014b) .
miR-542
Similar to miR-513, miR-542 is also located on the human X chromosome. Wang and colleagues reported that miR-542-5p was downregulated in LNM when compared with non-LNM group in PTC . miR-542 downregulation was also reported in conventional FTC compared with oncocytic FTC group (Dettmer et al., 2013) .
miR-564
Located on chromosome 3p21.31, upregulation of miR-564 was reported in a study comparing PTC and benign thyroid tissues samples (Vriens et al., 2012) . This is in contrast with another study, whereby miR-564 was downregulated in PTC samples with LNM . A similar finding was also observed in chronic myeloid leukemia (CML). Rokah and colleagues showed miR-564 downregulation in CML cell lines and patients in comparison to non-CML cell lines and healthy blood cells (Rokah et al., 2012). miR-613, miR-664 and miR-1243 miR-613 and miR-664* were downregulated in LNM cases when compared with cases without LNM Yang et al., 2013) . miR-1243 was downregulated in the highly invasive PTC compared to those which were less invasive (Peng et al., 2014) . There is only a single publication demonstrating downregulation of these miRNAs and their functional characterization is still lacking. Hence, more supporting literature is required to validate their role in LNM in PTC.
miRNAs Potentially Involved in Lymph Node Metastasis
miR-15
The miR-15 family includes miR-15a and miR-15b, as well as miR-16-1, miR-16-2, miR-195 and miR-497. In humans, miR-15a is located at chromosome position 13q14 and is clustered with miR-16 within 0.5 kilobases (Lagos-Quintana et al., 2001) . Studies have shown that miR-15a functions as a tumor suppressor with the oncogene BCL2 as its target (Bonci et al., 2008) . DOI:http://dx.doi.org/10.7314/APJCP.2016.17.1.25 MicroRNAs and Lymph Node Metastasis in Papillary Thyroid Cancer miR-15a is among the first miRNAs identified in PTC. The investigation of miRNA expression in two human PTC cell lines bearing a RET mutation and in normal thyroid cell lines revealed a downregulation of miR-15a (Cahill et al., 2006) . This miRNA was also shown to play an important role in tumor cell metastasis progression or EMT process .
miR-26
The miR-26 family comprises of three members, namely miR-26a-1, miR-26a-2 and miR-26b, which are located in chromosomes 3, 12 and 2 respectively. The mature miRNA of miR-26a-1 and miR-26a-2 possess the same sequence with the exception of two different nucleotides in the mature miR-26b. The miR-26 seed region, which is highly consistent in members of different genera, is an important region for binding to target mRNAs (Gao et al., 2012) .
The miRNA expression profiles were analysed in anaplastic thyroid carcinoma (ATC) samples compared to normal thyroid tissues and significant downregulation of several miRNAs including miR-26a was observed Mitomo et al., 2008) . Integrated miRNA-microarray analysis revealed downregulation of miR-26a in PTC (He et al., 2005) . It was reported that miR-26a suppresses proliferation and colony formation efficiency, induces G2 cell cycle arrest, promotes cell apoptosis and inhibits tumor growth in vivo by targeting CKS2 (Lv et al., 2013) .
miR-29
The human miR-29 family of microRNAs has three mature members which are miR-29a, miR-29b, and miR-29c. miR-29b-1 and miR-29b-2 have identical mature sequences, and together are called miR-29b. miR-29 members are encoded by two gene clusters. Binding sites for several transcriptional factors have been identified in the promoter regions of miR-29 genes. This miRNA family directly targets at least 16 extracellular matrix genes, providing a dramatic example of a single microRNA targeting a large group of functionally related genes (Kriegel et al., 2012) . There is only a single study reporting miR-29 profile in PTC. miR-29 downregulation was described in the invasive subpopulation compared to control subpopulation in human PTC cell line (Gao et al., 2010) .
miR-34
miR-34 is a key regulator of tumor suppression. The miR-34 precursor family comprises of three major mature miRNAs which are miR-34a, miR-34b and miR34c. These three miR-34 precursors are produced by two different transcription units. miR-34a is produced by its own transcript whereas miR-34b and miR-34c are produced by a common primary transcript (Misso et al., 2014) . There are several reports which showed members of the miR-34 family directly targeting the tumor suppressor gene TP53 and their upregulation induces apoptosis and cell-cycle arrest (Chang et al., 2007; Corney et al., 2007; He et al., 2007) .
The first member of the family, miR-34a, is a transcriptional target for TP53 and is frequently inactivated in various types of human cancers including PTC. It was reported that miR-34a acts as a tumor suppressor in several types of cancer through repression of a group of genes that promote cell proliferation (Mackiewicz et al., 2011; Zhao et al., 2013) . However, miR-34a has been reported to be upregulated in PTC tissues and cell lines (Cahill et al., 2006; Tetzlaff et al., 2007; Sheu et al., 2010; Marini et al., 2011; Ma et al., 2013) . In contrast, another two family members of miR-34, namely miR-34b and miR-34c, are reported to be downregulated in PTC (Cahill et al., 2006; arini et al., 2011; Yip et al., 2011) . In addition, downregulation of miR-34b was shown to be associated with the aggressive PTC subtype by targeting MET (Yip et al., 2011) . The finding was further strengthened by another report that demonstrated the negative regulation of MET by miR-34b and miR-34c (Migliore et al., 2008) .
Concluding Remarks
It is well known that PTC is a rather indolent tumor with a low mortality rate and good prognosis; however, patients with LNM, which often occur in PTC, have a poorer prognosis, especially in those older than 45 years of age. Lateral neck dissection could provide precise tumor staging concerning the nodal status and diminish the risk of LNM recurrence; however the operation itself also increases the chance of complications after surgery. Furthermore, prophylactic lateral neck dissection in PTC patients with clinically negative LNM has been highly controversial.
Both neck ultrasonography and computed tomography have limited value for the prediction of LNM; hence it is crucial to find novel biomarkers that can be used for this purpose and also as a standard for optimizing therapy and long-term follow-up care. As discussed in this mini review, several miRNAs have been shown to be dysregulated in PTC with and without LNM. However, functional studies of these miRNAs are still lacking. These findings point toward the potential application of miRNAs as biomarkers for predicting LNM and also a prerequisite for in-depth research to determine the mechanisms of how these miRNAs may govern lymph node metastasis in PTC.
However, there are several challenges that await such research. The study of in vitro and in vivo miRNA function is complicated by the fact that manipulation of a single miRNA may not lead to significant consequences. The presence of miRNA families, which are defined as a group of miRNAs with the same seed region, raises the question as to whether researchers should investigate all the family members or just a particular miRNA. In addition, due to the non-canonical and partially complementary binding properties of miRNA, nearly half of the miRNA targets contain binding sites for at least two miRNAs. Therefore, miRNAs binding to the same target can synergize and/ or antagonize the expression of target genes, obscuring studies on single miRNA.
Numerous studies have evidently established a role for miRNAs in regulation of lymph node metastasis in other malignancies. The advancement of research technologies such as next generation sequencing has enabled the identification of thousands of miRNAs; however only several of these miRNAs have been clearly proven to be associated with lymph node metastasis. Despite rapid and abundant studies on expression profiling, the roles of the majority of the miRNAs in PTC remain unknown and therefore necessitates further exploration in vitro as well as in vivo.
